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Abstract

H- ItBd .YMWEREsARCHATLOSALMS*

Paul Allistm, H. Vernon Smith, Jr.,
Joseph D. Sherman

(-818), Los Alamos Scientific Laboratory
LOSAlms, NM87545

upto 160mP. ofH- ions has been extracted
at20 kV from a 10 by0.5-nsn2 slit in a Penning
surface-plasma scurce. Typically, m% of the beam
can be transported throdgh .s bending mamt to a
Farad&y cup or emittance scanner. Up to 90%
trmsmission has been observed for some neutral-
izing gases. Average and pulsed casium flows
fran the swrce were measured with a surface-
icmization gauge. operating paranssters of the
swrce md measuxemants of the ●mittame are
rewrted.

Introcktion

ktmy mscliun- and high-energy accelerators,
includlng those at Argmme,’ LAWF,i TRIW,’
and Fermilab’, uss H- 10nS in lieu of or in
addltiOn to H+ iOnS, fOr a variety of rensons.
Accelerators proticing beams with high average
power (800 kw for LAWF) require the lowest
possible emltta~e to minimize beam losses and
subse~nt accelerator activation. The Penning
surfackplaams swrce (9S)’ has low emlttawe
cnd pulsed current suitabl= for use with these
machines. Future accelerator applj,cetims may
rquire intmse dc sources of H- ions.

-JoftiePming Ps

Thel.os Alan8x Sclentlflc Laboratory (LAW)
Pennind source, adapted ?rom the design by
Dudnikov’ for use with the USSRme%m factory,
lsstmwnlnF lg. 1. Ekctrons, conf~nedby an
Q.2-Tma~etic field oscillate between molyb-
danum csthodes, and lmlzehydrogan gasat a
nmlnal density of 4 x 10’B/cmJ. The ions drift
to the cathodes, are accelerated through the
plasma aheath, and inpact nn the cathodss, releas-
ing sacimclery electrons ana H- ions. Only e low
discherge current of50-lCKlmA 1s produced at
650 V ultll ceaium 1s added, usually from heating
ofa 2:1 mlrnture of titardum and Ca:crO~ powders
packed lntot.he mods. men the cathoda and anode
twnperatures are4~-5rn”C ~d the source hwslng
1S at 2moC, sufficient cesium !- Oemrated so
that the discharge potential drops LO4W6CIV for
● 1-A clc current, Wlthln the llmltntlons of en
‘SO-Wd!scnarga power the uncooled smrce can
be oparatedat any Wt,y factm; for our Wrpmes
this isususlly 7.5-Hz, l-ma pulsesof 100 A,

The cmlum 1s belleved to play two l~rtant
roles:

%kcbn a th e wusplcea of tile US
Oa&tm:~E~rgy
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Cross-sectional drawing of LA!l
Penning surface-plasma source.

It increases the secondary electron
emissicm coefficient’ y ■ Je/.l+
from about 0.1 for a pure molybdenum
surface’ to about 5.5.
It hCWMeS the secondary H- ion
6miSS10n C~fflClSf’Itt K =-jJ.j+ from a low
value to abut 0.7, where je, j+, . are the
electron, positive ~onl and negative ion
current densities at the cathode, respec-
tively.

The lar~ value of y presmably accounts for the
low discharge voltage, which is atrcmglydependent
on ceslum coveraGe of the cathodes.

IM discharge will not opmate below a min-
lmm magnetic field t+,. Bemuse positive ions
nust reach the cathodes to sustain the discharge,
we enpct that ~must be large enough that the
Larnmr radlusof the ims 1s less than the half-
wldth w/2 of Lhe anode chamber. The value of ~
for lW.A discharges inHl and in DZ for two
chanbar widths is consistent with H+ andD+ im
mergles kT of ●bout 2 eV (Table 1), whera
kT , (e& w/2)’/2M. Oerevyenkln’ operates ●

slmllar smrc~ with ● field as low as 0.05 T, more
nearly conalstmt with confinement of prlmry
electrons whose mmentum transverse ati para!.lel
to the fleldarecoqmrable. Dlschar~ nolne
dlsappcara at abaut our value of~ for both
sources, ● desirable cmdition for the procktion
of low-emlttsnca bamls,



Table I. Mini- Magnetic Field B ~Needed to

%taln Pulsed Discharae

~ w(m) Bin(T) kT(eV)

HZ 2 0.21 2.1
Ha 3 0.15 2.4
Dz 3 0.20 2.2

A 1OO-Adischarge in the 2 by 12.mnz diS-
cherge area will produce a 1OD-M beam through the
10 by0.5.nsni emission slit for a dc gas flOW of
100-atrmr?/mln. Tt,e source volume is about 1 cm’,
and the

r
s flow is pulsed with a Veeco Pv-10 pie-

zoelectr c valve. A tlns?of 1-2 ms is r~ired to
stabilize the source pressure, prinmrily because
of mechanical oscillations in the valve. Source
gas dens!ty, masured in the eb.sence of a dis
charge, was 4 x 10’S/cm’.

Frc+nthe valuesof K and y and the total
rm?asured cethcde currmt density we calculated
the electrcm, H-, and positive ioncur:mt
densities there. we estimate the plasma density
by f!swming that the ion currmt to the cEIthode
J+ conslstedof protons with e temperature
kl E 4 ev, so that J+ . peV/4 wl,ere
v= (@KT/M’/2. The measured, assumed,
and calculated owrating perametas of the sturce
are summarized in Table II.

CUsiumFIOwMeasurements

Wemasured’ the ceslw flow witha
Surface-imization gwge (SIG) momted on an 1-
sertable prtie so that the distame between tfw?
SIG and themurce emission slit couldbe varieu.

Charged perticlcs were kept frcm the SIG by a c-
binatlon of the magnetic field and a biased elec-
trode at the SIG entrance. The cesium atmns
entered the SIG and impinged on a tungsten fila-
ment at a temperature of 150Q K, hot enough to en-
sure that the would be re-emitted within 10 I,IS
asCs+ ions.’ x The filament bias of +60 V with,
respect to the collector was sufficient to col”lect
all Cs+ ions but low enoum to avoid excessive
seccmlary emission at the collector. Hydrogen
neutrals had little or no effect on the SIG. ‘;he
cesiun evoluticm rates frcm 2:1 mixtures of tita-
nium with Cs2Cr20t and with Cs2CrO+powders were
measured and the rates doubled for temperature
changes of 20° and 32° respectively at 45CPC, but
the rate frcm the latter mixture was about four
tines that oft~ former. Source operation is
essentially identical whether these mixtures or
ceslun metal-vapor ovens are used.

Absolute cesiun flow rates from the swrce
were calculated by using the solid angle sub-
tendedby the SIG atiby essuninga mulified
isotropic angdar distribution ofcesiun atoms
from the srurm. when the swrce 1s o~rated
with a 1-A dc discharge, the cesiun flow for
optlnun H- current is 0.5 mg/hr. The varia-
tions rfdiecherge voltage andH- ion current
with the eqivalent cesksn density are shown in
Fig. 2, where this ck!nsity is that which would
produce tlw observed flow rate in the abseme of
a discher

Y
and hydrogen flow. Whenthe discharge

is abrupt y extln~ished, tb cesium flow jumps
almt a factor of three, showing that even at a
low discharge-currant dmslty of4 A/cma, cesium
flow is retardedby ionization.

I r 1

74
Table 11. T@cnl Source Oper~ti~g Parameters

Measured
Discharge voltage 4&120 v
Dlsctmrge currmt 1CK3A
H- current extracted from lm m

lf)xo.5.lnn ~mis%ionsllt
Extraction Wp 2.5 mm
Transport efficiency through 7on

~Q ~a~t I-4
~5-ilow–. --

lUI etm cm’lmin
h~etic field in dlschar~e re ion

!
0.21 T

Extractim power supply curren mlnfl I s
Cuty factor 7.5Hz, lmS
wrmdizedemittence of40Mof 0.04 )10.03

ttibeam (65X for ?nch plane) (n cmmrad)’

I

20
Current dodty ●t c~thodes 20S A/cma
HZ density wjth dlsrherw off 4 x 10’B/cm’

Asw.xmd -
kTe ■ kT+ ■ 4 W
K mo.7 7

~ =5.5
Calculated d+–~o

Concurrent density @t cathdas 79 &/cm’ CqukalsnlCotiumhml~y(10’’/e)’)

H- current Umslty at cathcwhs 21 A/cm’
Electron current demlty ●t CathOdUS158A/cm’ F1g.2. V0rlatlon9 of thedischar@ voltage and
Plkmrm dennity 3 x 10’’/cm’ extracted H-current V8 equivalent ceslun

ckmlty for ● 1-A dc dlschar~.



Flow during pulsed operation is more complex.
For a 60-V, 1OO-Adischarge, the cathode power
density F is 8.3 kW/cm2, assuming that 1/3 of
the power goes to each cathode and to the anocle.6
Thf?temperature rise ofa semi-infinite so:id sub-
Jectedtn this surface heatmgwouldbel]
AT . 2F(thK@2)’/2 = 140°Cat t . 1 ms, where
K . 1.38 W/cm°C, p = 10.2 g/cm’, andC .0.3 J/g°C
for molybdenum.

For an average cathode temperature of 5LKPC
ends fractional equilibrium coverage ( . 0.65,
the evaporation rate of the cesium will be in-.
creased by a factor of -100 for this tempera-
ture rise, which would lead tc a new equilibrium
value of L1= 0.45; however, we believe that O
actually increases during the :dse becau-e or
discharge pmping. As the cesium flow fr.,: an
independently controlled ov?n is increasei up to
the optinum value, the discharge voltage art?
noise decrease and the H- current increases.
The same trends are observed as a function of time
for a l-ins pulse when the average cesium flow is
low. Whenthe discharge is extinguished, cesium
rapidly evaporates from thf! catk,ode;. From the
evaporation rates given by Taylcr nnd Langmuir’O
for ceslum on tungsten, we estimate that 0 de-
creases by O,OS-monolayer in the iir$t 20 PS
with a rapid drop in evaporation r*t.? thereafter.
The atoms are quickly reabsorbed on cooler sur-
faces of the source so thut there is a short
burst ofcesium ?lowing from the source.

Wecalculate that the cesium flux N as a
functlonof time t at the SIG, at q distance d
from the source, using the equations of flow for
an ideal oven]z $or a short time ~t is

N =No (t&t)s exp(5/2[L(t&t)z]) (1)

where

No . Af(~6tkT (5/e)6/1/4@n’/zNd

to= (Nd2/5kT)’/*

A = emission area of source

f ■ flux distribution factor’

il = SOllrl onglG subtended by SIC

n m ckmslty of cesium atcsns in source

This calculated flux is compared with the
measured data in Fig. 3, for which No and to
have been adjusted to fit the oeta. A cnthode
tempcruture T of 7X1°C, nesr the value estirmted
at the end of the pulse, is calculated from the
vslue Of to. Scattering of the eesium atoms by
the Ha gas was not taken into account, but
this would l~rove the fit for long

As “Irst noted by Bolchank~V?~eOfflight. !
Cesium consumption for Q dc source might be Nch
less than the typical 1 mg/hr used for pulsed
operation.

+-----#” ,~ do ~.. I000
TIME(@

Fig. 3. Flow of cesium from source vs time after
1OO-Ad{.scharq: is exLingu!.shed. The
is a fit of~q, 1, assuming a cathode
temperature T CF 7.30°C.

!+ p~= alo=eim

From the plasma densities given in Table 11
we can estimate the attenuation for an H- ion
traveling a distance P. from the cathode to the
emission slit. The factor ne for attenuation
3Y electron collisims is
ae x exp(.pe< Oeve> ~/v-) = 0,2 for
I = 3 rrsn,60-eV H- ions, and an electron

for which,
~e~~t~~ ~fx’’l~~~ cmS/s (Ref. 14). The
factor & for proton collisions is 0.2, whereas
that forH: collisions is 0.6. The atten-
LlatiOn by collisions with slow Ho atCSMleads
mostly to slow H- ions. Because P. !s not known,
we can only state that if it is 8 x 10’’/cm’
(lO%of theHz dissociated) then a. x 0.2.
As H- ions are thermallzed, ae becomes the
dominant factor. It seems clem that wily a small
fracticm of cathod+produced H- ions would reach
extraction. Fran Table II the H- current den-
siLy fr~ each cathode is 21 A/cm*, uhereas the
extracted current density is only 2 A/cm2;
therefore, iftheK- ions are prock’ced at the
cathode, the current density is attenuated by a
factor of -2o before extraction.

To get some measure o?this effect, we varied
the anode web thickness and measured theH.
current under otherwi~e identical conditions.
This web (Fig. 4) serves to partially filter
p169ms electrons from the emission urea and is
nfirmelly l-nvn wide, The H- current was found to
be attenuetedby e-’ In a distance of ubwt
1.4 m. IfH- iuns frcun the cathode had a similar
mttmuation the ftictor would be 8, over tha Mm
distance. The agreement with the above estimates
is rw@, but it seems clea: that t!- lonsare
suo.ject to severe losses before axtractk=n, Al.
thou the H- production efficiency i~,creases for

ramsl web thickness, the electron lr..dlngof the
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Fig. 4. H- production efficiency (IH-/ID)
vs anode web thickness t. k curve with
exponential dependence on t has been fit
to the data.

extraction power supply increases from 100%of
thaH- ion beam to about 300% for a web thick-
ness change of from 1 nsnto 0.5 nsn, and for zero
web thickness it becomes difficult to operate the
extractor.

Extraction end Transport

Extraction 1s difficult if the extraction
@P 9 ~$mll enou@ to nllow electrons to CI12SS.
In the presence of a me-tic field B, and extrac-
tion voltage , electrtns cross the gap unless
f : C#7#s)’&Jm 2.31rsTl for B. o.21 T,

The extractor is made of molybdenum
so that o~casional overheating does not melt it.
It 1s desirable to operate the axtractor at a warm
temperature to evaporate impinging cesiun, A
cooled extractor was unsuccessful because of
cesiun condenaatlon.

The beam diverges strongly at the entrance to
the$xlo, n ■ 0.85, a-cm-radius magnet but is rea-
sonably well focused at tne exit. Up to 160 M

has been extracted at 20 kV into the Faraday cup,
2 cmpast the extract.or[I(O”)], a current density
of 3.2 A/cmz at extraction. Extraction fr~ cir-
cular emitters has also been successful.’5
Table III lists parameters for extracted and
transpmted beam for several different emission
geometries, where ID = discharge current, 1(900)
is the H- current transported to h Faraday cup,
6 cm past the 90° magl~t, and jm is the H-
amission current density.

Increasing the hydrogen feed rate beyond the
mininum for stable discharge operation causes the
H- beam to be attenuated in a manner consistent
with the cross sections for collisional detach-
ment, both in the swrce and in the 90° magnet.
If the gas is pulsed instead of flowed contin-
uously the required flow’ of cesium Is reduced.
The transport efficiency through the 90° magnet
improves, however, when some other gases are
added to the vacuum system. Ion-optics calcula-
tions usin the Kapchinskij-Vladimirskij
equations 1? for beams with space charge and
emittance show that an unneutralized beam of
100 mAat 20 kV would diverge in the magnet and
be poorly transmitted, whereas 70%transmission
is typically observed; implying at least partial
neutralization, A neutralization monitor con-
sisting of a biased collector plate shieided by e
grounded screen was installed at the magnet exit
with the 4 by Z-cmz collector plate parallel to
the magnet poles so that slow electrons and ions
would be collected. The energy spectrum of
charged particles was measured by varylnG the
bias voltage of the collector.

For low-energy H- ion beams, the probability
of ionizing the residual as 1s much less than

Ythat for producing slowe ectrons by H- strip
The ionization cr~ss sections ●or H- and

~~?~s beam have been 17 found to be th Sm.
The ratio Rc of electrons to ions produced ~n
varlws gases at 20 keV was calculated from ex-
isting dutaif I?,lc and is given in
Table IV. ChJrmeasured value Rmis .n rwgh
agreement.

The electrnn energy distribution was a;>prox.
imately Maxwellian witha temperatureofabout
25 W, twice that for electrons protied by proton
10nlZaiiun of gases. 1’ 8eceuse the stripped elec.
trons have kinetic energy (11 ok’ for 20 kev H-
lons) a hi~ertemperature mlghtbe expected.
Generally gases heavier than helium lm$movedthe
H- transmission by about 15%, resulting in tJp to
90% transmission. Thp optimum density In the
transport region was atit 10lz/cm’ for 011
gases.

Table IIJ. Extracted and Transported Beam

10XO.5 20X1 2.5 MB 100
10XO.5 20X1 2.5
1 dlam

160 lR 3.;
1 dlam

$
1.2 L? 33 - 4.1 15

2 diem 2 diam 2 100 57 -’ 1.8 20



Table IV. BeamTransport with Neutralizimq Gas
ded

Transmission
R R kT (W) Improvement over

Es ~ JIJ e that fl~—.

H3 7.0 5 24 OX
N2 5.1 19!6
Ne 8.5 io.4 i8
Kr 7.2 9 25 1-%

Transmission efficiency is strongly depend-
rmt on beam-current noise. In a single pulse, the
H- current 1(0°) may rise 30%during a transition
from a noisy to a quiet discharge, and 1(90°) may

20 Probably the neutralizingrise by 100%or more,
plasma cannot track the fluctuating current,
which, along with a fluctuating location of the
plasma surface at the source, would lead to a
time-averaged emittance increase. Measurements
ha~le shown that there can be a factor of 3 vaTifo-
tion in emlttance under these conditions,’$

The 90° magnet used results in a circular
beam at the exit with about 100 times lcucr den-
sity than at extraction, desirable for many s&se-
went accelerator applications. The me~et also
lt’WtCaS substantial coupling between the x- and y-
planes (the 1- and O.OS-cm directions along the
amis$iofl slit mspectivaly). There qre two,dom.
lnent aberrat. mrjz’ in this case, 6y = AIX y
and 6y’ = Aaxy. These arise from a combination of
the sextupole components of the txmdlng end of the
e~it fringe fields, the latter being essentially
fixed but the former being ad.justaale by magnet
poke desi~. Theminhumnet aberration is
achieved by taking a finite value of the bending
sextupole to partially cancel the effects of the
exit fringe fields. If the beam 51Ze (about 2-cm
dlam) were sme.ler in the magnet, perhaps bv
means of better extraction optics and a Wiet
dlschnrge, tne aberration would be reduced. ~ven
so the emittance is acceptably low,

Emittance

The ~lttawe ofan ion beam has as its
orig.lns

1.
plarma and

2,
extraction

3.
4,

the temperature of the lcms in the
the size or the
emitter,
ion-optical &erraticm in the
and trmsport elemenis,
nonlinear sp6ce-cherge forces, and
tima-deocndent fluctuetlms in tha
current’, leading to tlme-averagod-
increase in emlttmce.

In a typical emittamn scannar’” phase space 1S
M~d 0s, a functjon of ‘~re~old t, ~re

t m (a*i/axal)/(a*i/axai)mx

averaged over y, ~ space. Then the fraction F of
current within a normalized emittance c is given
byF(to) = #&/3xax)dxdx/ jj(aZi/axax)dxdx

Mtfl
and c(to) = {~:d~c

Ps a si~le model we assume that the ions at the
plasma surface have uniform spatial density and a
temperature T, and we neglect other sources of
emittance (2,3,4 above). Then by Liouville’s
theorem22 F and c are invariant in transport,
even in the presence of linear space-charge
forces, so that the calculated dependence of F on
E at the plasma surface may be comparec directly
with that at the emittance scanner plane.

For a slit emitter, t is independent of x
over the slit of width 2R, so that
t = exp(-m;’/2kT) ~x~~R. Eval@tionof the
integrals leads to

F= erf(nti4R[ 2kT/mcz]’/z) (2)

ittance is deflnedbyia
Crms = 4
so that for the slit <X2>= $?2/3, <xa> . kl/m,
Crms . 4R(kT/~2)]/2 a)~d F _ erf(fi~61/2crms)0
For a circular aperturp t is no longer indepen-
dent o~x but lsgiven )Y t x (1-x2/R2)l/2
exp(-mxz/2kT). Now F is not ~ .imple functim of
c, but the integrals were evsluated nunericaliyt
arid tne results are wery clote to those for the
slit. It 1S still possible to evaluate ~rms
analytically, and the results ,gre22 ~:m5 = 2R (kT/mc
Accord!ng to this modal the rmu em~ttance contains
93%an.1 Yl%of the beam for the slit and the cir-
cular ulerture emitters, respectively.

The mittance of a 17.keV, 80-M becm ex-

tracteo from a silt was measured with a scanner
having a peir of movable slits, between which are
beam-deflecting plates so that the current Glstrl-
5utioncanbe measured as a fmctlon of angle.
The calculated fractian of the total current
within a qiven normalized emittance is shown in
FiJ. 5, along with n fit ofEU. 2, using T es the
●djustable parameter.

He bel!eve that fast H- ions from the
cathodes make remnant charge-?xchange collisicxM
with H atoms in the discharge; therefore their
temperature should be that of the H atws, rhe
lmtter t~erature is not known, but. the Franck-
Condon energy for collisional dissoclatlon” of
Hz is > 2 eV/atom. The t~erature deticed
from the fit for the x-plane (2R a 10 fin) 1s 5 ev,
In t~ expected range. For the y-plane
(2R .0.5 fron)the deduced tampurature ls 820 eV;
however, we kmwz’ that the bending ma~t ccxJ-
ples the x- and y-plone cmittances so that the
lar ‘r amittmce of the x-plane masks that of the

ry-D ma. Tk~ large effective ion tawqxmature
reflects th~ small lnltltl plasma radius for the
y-plane. The flt Of the theory to thetita 8hOWS
that the wlodty dlstributkns ●m not ●xactly

,2 1/2.) .
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Heat in tilids, ” oxford, 1959, p. 75.

future Plms—— .
Frutcls Ues?lm Sears, “Themulyrmlcs, ”
Addl MXM$SShy, 1956, p. 241.The SPS principle ufilng Peming gemtry has

b“en extended to a design with rotating electrodes
to help dissipate the hi -r density re@rad

!?to prodce lm maOf m on currmt dc. This
roncapt is now being tested.*’ A 25&kV H-
injector ia balng built to provida Wants for
accdarator titrmture tests. This Injector is
desigrwd to protie l~ml ~mts with ● ml so
lmgth of l-m ●nd ● fraqmncy of 7.5 Hz.
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Der9vyWkln, A. F, oor~v, V. G. DUdnikOv,
‘Esca@ Of CeSl~ fr~ e %faCS-plQMU H-
Ion ScsJrce, ” Sov. Phys. TaCh. L@tt@R$3(7),
July 1977, p. 282,

14. K, Prelec ●d Th. Sluyters, “ForIMt im of
m~t i #e Hydrogen lma in Direct Extraction
Sources, ” Rev. Sci. Instr. , vol. 44, m. 10,
tit . 197J. p. 1451.
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